We report the polarization-dependent electromagnetic response from a series of novel terahertz (THz) metasurfaces where asymmetry is introduced through the displacement of two adjacent metallic arms separated by a distance δ. For all polarization states, the symmetric metasurface exhibits a low quality (Q) factor fundamental dipole mode. By breaking the symmetry, we experimentally observe a secondary dipole-like mode with a Q factor nearly 9× higher than the fundamental resonance. As δ increases, the fundamental dipole mode f 1 redshifts and the secondary mode f 2 blueshifts creating a highly transmissive spectral window. Polarization-dependent measurements reveal a full suppression of f 2 for all asymmetries at θ ≥ 60 • . Furthermore, at δ ≥ 60 µm, we observe a polarization selective electromagnetic induced transparency (EIT) for the fundamental mode. This work paves the way for applications in filtering, sensing and slow-light devices common to other high Q factor THz metasurfaces with EIT-like response. 
Introduction
Symmetry plays an important role in many facets of modern society including art, architecture, fashion and mathematics. Similarly, breaking symmetry can also lead to important implications with respect to the physical properties of materials. Recently, physicists have demonstrated the importance of asymmetry in the defects of crystals [1] , the transport properties of strained topological insulators [2] and the electromagnetic response of metamaterials [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Specifically for metamaterials, asymmetric unit cells result in Fano-like high Q factor modes desirable for applications in communications and sensing. Several methods have been explored for the achievement of high Q factor resonances with respect to planar metamaterials such as capacitative gap translation [4, 10, 14, 15] , toroidial designs [16] [17] [18] , varying the periodicity [19, 20] , and mirrored asymmetric macro-cells [6, 20] .
For asymmetric THz planar metamaterials, Singh et al. showed an increase in the Q factor of a quadropole mode when the incident E-field is horizontally oriented with respect to the capacitive gap versus when the incident E-field is vertically polarized [4] . In subsequent studies for asymmetric metasurfaces, the polarization dependence for normally incident parallel and perpendicular E-fields have shown transmission and frequency modulation along with excitation of new high Q resonances [5, 6] . However, to our knowledge, there has not been a study with respect to multiple polarized orientations of the incoming THz wave for asymmetric metasurfaces. Polarization-dependent measurements on A-shaped resonators revealed that transmission windows arose for completely different physical mechanisms from horizontally and perpendicularly polarized incident waves [21] . Specifically for the perpendicular polarization, the transmission window stemmed from the plasmon-induced transparency effect whereas for horizontal polarization the window appeared due to the coupling of a localized LC resonance and a nearby higher order mode.
In this article, the polarization dependence of the THz response for ultrathin and highly flexible asymmetric metasurfaces is explored experimentally and presented with supporting numerical simulations. Due to the extreme mechanical flexibility of the substrate, the investigated structure is very appropriate for non-planar applications. Recently, there have been various efforts devoted to demonstrate flexible metamaterials [22] [23] [24] . The use of ultrathin and highly flexible substrates has provided an unprecedented route to achieve active tunability in the frequency of metamaterials due to modifications in the profiles and the periodicities of the structures when the substrates are stretched [25] [26] [27] [28] . Here, asymmetry is introduced in a novel way by shifting the metal braces rather than shifting the position of the capacitive gap. From this approach, there is a significant amplitude modulation of a secondary dipole-like resonance as δ is increased. In addition, this high Q factor mode decreases linearly in Q and increases exponentially in modulation depth as one increases the shift. Furthermore, there is the presence of a polarization selective EIT seen for the fundamental mode at high asymmetries. The unit cell for the symmetric circle split ring resonator at δ = 0 µm (CSRR00) is shown in Fig. 1(a) . It features four capacitative gaps uniformly distributed along a metallic ring with the following geometric parameters: periodicity P = 300 µm, outer ring radius r o = 125 µm, inner ring radius r i = 107.5 µm and square gap length t = 35 µm. The unit cell is then repeated periodically to form a metasurface of 100 nm thick Ag structures deposited using electron beam evaporation and patterned using optical lithography on an ultra-flexible polyimide substrate of 50.8 µm thickness. Such periodic structures do not diffract normally incident electromagnetic radiation for frequencies lower than 1 THz. Microscope images of the resulting devices are depicted in Fig. 1(b) -(f) for δ = 0, 20, 40, 60, and 80 µm, where the asymmetry parameter δ indicates the translational offset between two adjacent metallic arms. The total active surface area of each of the fabricated devices was 1 cm × 1 cm.
Materials and Methods
The planar metamaterial devices were characterized using a continuous-wave (CW) THz spectrometer (Teraview CW Spectra 400) that emits linearly polarized collimated THz radiation. In this setup, spectroscopy is achieved by incrementally varying the difference frequency of two near-IR diode lasers via a temperature tuning technique that is smooth and mode hop free for a spectral resolution of 100 MHz. The nominal spectral resolution is then governed by the precision of the laser frequency control and not by a mechanical delay stage as found in a conventional THz time-domain spectroscopy (TDS) setup. With a spectral resolution higher than THz TDS, we were able to resolve extremely narrow spectral features. The transmission from each sample was determined as T( f ) = P M M ( f )/P sub ( f ), where P M M ( f ) and P sub ( f ) are the filtered THz power spectra of the planar metamaterial and polyimide substrate respectively. To investigate the polarization dependence of the symmetric and asymmetric devices, each sample was rotated by an angle θ to mimic various incident polarization states in which θ represents the angle from the vertical polarization.
To compliment the experimental results, numerical calculations were carried out using CST Microwave Studio [29] , a finite difference time domain based technique used to model the governing equations of electrodynamics. In these calculations, the primitive cells of the designed metasurfaces were illuminated by a normally incident plane wave with an appropriate polarization of the electric and magnetic fields, as depicted in the inset of Fig. 1(b) . Periodic boundary conditions were imposed in the numerical model to mimic a 2D infinite structure. The material parameters used for the lossy Ag metal layer and ultra-flexible dielectric substrate were σ = 6.1 × 10 7 S/m and = 3.3 + i0.03, respectively.
Results and Discussions
Fig. 2(a)-(e) compares the measured (solid) and simulated (dashed) transmission spectra under vertical E-field polarization for CSRR00, CSRR20, CSRR40, CSRR60, and CSRR80. For the symmetric geometry (CSRR00), a fundamental resonant frequency f 1 ∼ 0.65 THz was observed with an experimental quality factor of Q = 4.13. Due to the four-fold rotational symmetry imposed on the design, the performance of the device was insensitive to the polarization of the incident wave. After introducing asymmetry (δ ≥ 20µm), f 1 redshifts with increasing asymmetry and a second mode f 2 is excited near 0.76 THz. For f 2 , there was a blueshift in frequency and the transmission exponentially increased with increasing δ. The latter result infers an enhancement in modulation depth for f 2 that is not seen for f 1 . In general, the experimental results are well supported by numerical simulations. However, the numerical results indicate the existence of f 2 in the symmetric case, which is weakly excited and almost imperceptible in simulation and not observed experimentally. Other slight discrepancies in the results of simulations and measurements as seen in Fig. 2 can be attributed to small variations in the unit cells of each metasurface after fabrication and dispersions being unaccounted for during simulations.
A Fano fit was applied to each resonance with the form: where f 0 is the resonant frequency, Λ yields the lineshape asymmetry parameter and ∆ f is the full width half maximum (FWHM) of the mode [30] . With the extracted Fano lineshape parameters from Eqn. 1, the Q factor and modulation depth for f 1 and f 2 are calculated and compared to one another with respect to the asymmetry parameter δ. The Q factor of each resonance is defined as Q = f i /∆ f for i ∈ {1, 2} where f i is the resonant frequency and ∆ f is the FWHM. By tailoring the asymmetry in the structure, the frequency shift, modulation depth and Q factor of both f 1 and f 2 are tuned and each attribute is plotted in Fig. 2(f) , (g) and (h), respectively. Both f 1 and f 2 shift linearly with increasing asymmetry at a rate of -1.058 GHz/µm for f 1 and 1.236 GHz/µm for f 2 as illustrated in Fig. 2(f) . Furthermore, there is an increasing flattop ultra-broadband transmission window as the asymmetry increases indicated by the shaded area in Fig. 2(f) . At δ = 80µm, the transmission bandwidth is maximal at ∼ 200 GHz. This result shows great promise for these asymmetric metasurfaces for applications as frequency selective devices, or THz bandpass filters. With respect to Q factor, at δ = 20µm the Q factor for f 1 is 8.4 and decreases to 5.3 at 80 µm. These values are on the order of fundamental modes (LC, dipole, etc.) for symmetric metasurfaces [4, 19] . The Q factor of f 2 is 35.7 at 20 µm and decreases exponentially to 15.8 at 80 µm. As a comparison, the Q factor observed for the asymmetric case at 20 µm is one of highest experimental Q factors reported and more than 8× greater than that of f 1 . For THz metasurfaces, high experimental Q factors have been reported for toroidal (Q = 42.5) [16] and low asymmetric gap translations (Q = 49) [15] while other high Q factor modes introduced by asymmetry are on the order of 20-30 [3, 6, 31] . To evaluate how the Q factors evolve with increasing asymmetry, a linear fit was applied to the Q factor relation for f 1 revealing a −0.049µm −1 slope. Similarly, for the Q factor of f 2 , an exponential decay was observed and the fit equation was given by Q = 15.05 + 52.60 exp −0.047δ. Decreases in Q factor with increasing degrees of asymmetry have previously been reported [3, 5, 7] and attributed to increases in radiation loss from an enlarged variation in the surface charge distributions between two excited split-ring resonators and a resultant suppression of the dipole moment in the far field [11] . To further analyze the results, the modulation depth was defined as M D = A − min(T) where A is the maximum value of the asymmetric lineshaped transmission dip nearest to the resonant frequency. A proportional relationship between modulation depth and asymmetry was previously reported for trapped and octopolar modes [11, 31] . For f 1 , there is a subtle exponential decrease from 0.95 at 20 µm to 0.93 at 80 µm indicating that the coupling strength of f 1 is nearly unaffected by the asymmetric modification. However, for f 2 , there was enhancement of the modulation depth up to 40% with increasing δ. To gain understanding of the physical mechanism for the electromagnetic responses, the surface currents and magnetic field distributions for each metasurface were simulated and results for the CSRR00 and CSRR80 for vertical E-field polarization are shown in Fig. 3(b) , (d), and (e). For the CSRR00 device, the surface current J of f 1 ∼ 0.65 THz portrays a strong dipolar nature with J converging to the left gap. This is similar to the dipole resonance seen in other two gap CSRRs [3, 9] . For the CSRR80 device near f 2 ∼ 0.8 THz, the simulated surface current J and magnetic field |H| amplitude indicate a dipole oscillation in the upper left and lower right arms of the CSRR where the surface current converges to the opposite gap from f 1 . Intuitively, the redshift of the fundamental mode f 1 could be attributed to the increase in the surface current path of the metasurface, while f 2 is blueshifted because of the decrease in the current path. These frequency shifts of opposite signs suggest that f 2 originated from the structural asymmetry of each meta-atom rather than from mimicking its fundamental mode. Indeed, if f 2 originated from other higher order resonances, f 2 must be redshifted as much as f 1 is redshifted because all the higher order frequencies depend on the wavelengths of their fundamental frequencies. However, in our structure, upon increasing the asymmetry (δ ≥ 20 µm) f 1 is redshifted while f 2 is blueshifted, thus giving rise to a broadband transparency window [see Fig. 3(c) ]. Moreover, f 2 vanished for the CSRR00 when the current paths became perfectly symmetrical. Similar behavior has previously been reported in anisotropic THz metamaterials [32] . To further understand the nature of the resonances, the effect of polarization was measured by rotating each device to mimic various linear polarization states. Fig. 4(a) shows the transmission spectra for δ = 20 (purple), 40 (blue), 60 (green) and 80 µm (red) under a vertically polarized THz wave and the E is parallel to the direction of asymmetric shift. Fig. 4(b) -(f) depicts the experimental transmittance as the device was rotated counter clockwise by θ until the E field was orthogonal to shift direction. For the cases when δ = 20 and 40 µm, the resonant frequency and minimum transmission amplitude of f 1 oscillates sinusoidally with respect to polar angle θ and can easily be understood by Malus' Law. However, for δ ≥ 60 µm under the cross polarization (θ = 45 • ) excitation state, a mode splitting of f 1 was observed. This polarization selective splitting observed for high asymmetries is indicative of electromagnetic induced transparency (EIT) previously seen for A-shaped THz metasurfaces [21] and other plasmonic systems [33, 35] . The change in coupling strength of the left and right modes for f 1 continues for θ = 60 • and then returns to one resonance above θ = 75 • . Mode f 2 solely exhibits transmittance amplitude modulation and is fully suppressed when the E-field is orthogonal to the direction of translation. The vertical dotted lines indicate the frequency invariance (i.e. the frequency is independent of the polarization) of f 2 for all asymmetric cases where θ ≤ 45 • . The resonant frequencies of f 2 are 0.76, 0.78, 0.81, and 0.83 THz for CSRR20, CSRR40, CSRR60, and CSRR80. It is well known that frequency invariance with respect to the polarization insensitivity of high Q factor modes can be advantageous to metasurface sensing applications [34] .
As previously stated, when θ = 45 • and upon increasing the asymmetry, the spectral response of the metasurface has a similar signature to the EIT effect, where a transmission peak appears at about 0.657 THz with an amplitude of 57% between two resonance dips at around 0.587 THz and 0.7 THz, respectively [see Fig. 4(c) ]. Figure 5(a)-(c) shows the simulated (dashed lines) and measured (solid lines) transmission spectra for different values of the asymmetry δ = 0, 60 and 80 µm, respectively and under a fixed polar angle of 45 • . Although there are minor differences in amplitude and bandwidth of the resonances (probably due to microscopic imperfections induced during the fabrication process), the transmission spectra obtained from numerical simulations confirm the trends obtained from measured data. To gain a deeper insight into the physics of the EIT-like effect, we have plotted in Figs. 5(e)-(g) the magnetic field distributions at f l , f t and f h , respectively. Here, we define the lower resonance frequency, the transmission peak, and the higher resonance frequency as f l , f t and f h . To better guide the eye, the directions of the THz induced surface currents are indicated by white arrows in Figs. 5(e)-(g). For the lower frequency dip at f l , the CSRR is highly radiative. It exhibits parallel surface current distributions on the right and left arms and on the upper and lower arms as well. This surface current distribution possesses a strong field confinement suggesting direct dipole coupling with the external incident radiation wave. Regarding the transmission peak at f t , it is found that the surface currents in the right and left arms are strongly suppressed and mainly flow along the upper and lower arms, as shown in Fig. 5(f) . The corresponding magnetic field mainly concentrates in the upper and lower arms as well. In this case, the CSRRs couple weakly with the incident THz radiation. Therefore, it can be deduced that the transparency window appears due to the suppression of the dipole response of the right and left arms of the CSRRs. For the higher frequency dip at f h , the surface currents flow along the right and left arms, where the corresponding magnetic field is mainly localized [see Fig. 5(g) ]. Thus, it can be deduced from the current and magnetic field distributions that dipole oscillations are excited by the incident wave for f h .
Although the experimental portion of this investigation was carried out using a CW source, it is worth noting the group delay response for pulsed THz slow light applications. The group delay τ g , retrieved from the simulated transmission spectrum of CSRR80, is represented in Fig.  5(d) . The group delay of the kapton substrate is also plotted in Fig. 5(d) for comparison. The group delay was calculated using τ g = −dφ(ω)/dω, where φ(ω) is the transmission phase and ω = 2π f with f representing the frequency. One can observe that at frequencies away from the resonances, the group delay of THz radiation tends to be equal to that of kapton film. At the resonance frequencies of 0.587 THz and 0.7 THz the metamaterial demonstrates negative group delay. In the vicinity of the transparency peak, large positive group delays are obtained, indicating potential use in slow light applications. For example, at around 0.657 THz where 57% of EIT transmission is achieved, the THz radiation experiences a delay of about 2.6 ps, which is equivalent to the time delay of a 780 µm distance of free space propagation.
Conclusions
In summary, we have experimentally and numerically characterized the polarization-dependent electromagnetic responses of ultra-flexible asymmetric THz metasurfaces and demonstrated a high experimental Q factor (∼35.7) resonance in the transmission spectrum. The modulation depth of the asymmetric mode was increased by displacing adjacent metallic arms and also by modifying the interaction between the metasurface and the incident linear polarization state of incident THz radiation. The induced Fano shaped resonance was investigated through simulations, polarization dependence and asymmetry, revealing the dipole like and frequency invariant nature of the mode. The asymmetric metasurfaces studied here show great promise for low cost devices based platforms that include THz bandpass filters, biological sensors and slow-light devices. 
